Among the numerous contributions to the electrophysiology of the plant there were until lately no investigations which dealt with the problem of the relation between bioelectrical phenomena and growth, the main reason being the absence of a satisfactory theory. The purely empirical data, which have been obtained by various authors, could not attract the attention of physiologists to this problem. Interest in electrophysiological investigations of growth has increased lately, since the studies of the growth hormone have thrown a new light upon this phenomenon. The first stimulus in this direction was given as a result of the ideas developed by one of the writers (3) on the effect of electrophysiological polarization upon the translocation of the growth hormone in organs of higher plants. When one compares the data of BOSE, BRAUNER, WALLER, and other physiologists on the effect of geo-and photoinduction on changes in the electric potentials of various parts of the plant organism, it is easy to notice that growth is always taking place in such a way that the concentration of the growth hormone increases in the positively charged regions and diminishes in those regions where, according to electrometric observations, the plant has a negative charge. On the basis of this comparison the conclusion can be drawn that in organs, which are subjected to the influence of photo-and geoinduction, the growth hormone is transferred in the direction of the increasing potential.
Introduction
Among the numerous contributions to the electrophysiology of the plant there were until lately no investigations which dealt with the problem of the relation between bioelectrical phenomena and growth, the main reason being the absence of a satisfactory theory. The purely empirical data, which have been obtained by various authors, could not attract the attention of physiologists to this problem. Interest in electrophysiological investigations of growth has increased lately, since the studies of the growth hormone have thrown a new light upon this phenomenon. The first stimulus in this direction was given as a result of the ideas developed by one of the writers (3) on the effect of electrophysiological polarization upon the translocation of the growth hormone in organs of higher plants. When one compares the data of BOSE, BRAUNER, WALLER, and other physiologists on the effect of geo-and photoinduction on changes in the electric potentials of various parts of the plant organism, it is easy to notice that growth is always taking place in such a way that the concentration of the growth hormone increases in the positively charged regions and diminishes in those regions where, according to electrometric observations, the plant has a negative charge. On the basis of this comparison the conclusion can be drawn that in organs, which are subjected to the influence of photo-and geoinduction, the growth hormone is transferred in the direction of the increasing potential.
In further development of this idea WENT (12) has made-the assumption that, in general, the translocation of the growth hormone, in organs of the plant from places where it is produced to the growing zone and beyond, depends on the distribution of the electrical potential. WENT showed that the basic dyes diffuse in sections of the stalk of Impatiens balsamina in the direction of the apex, while the acid dyes diffuse toward the basal part, which, according to WENT, always has a positive charge. Auxin, as determined by K6GL (8) , is an acid. Therefore WENT considers that the anion of this acid, which is its physiologically active part, must move in the stalk in the same direction as the acid dyes do, t.e., from the apex to the base. However, one does not find in WENT'S work any experiments which would directly confirm this assumption about the translocation of the growth hormone.
In 1933, KoGL (8) described experiments which were based on the observation that in various hours of the day the decapitated coleoptiles of oats react to the same dose of auxin by curvatures of different intensity (when the experiments were carried out according to the method of WENT, 11) . Searching for the cause of this phenomenon K6GL came to the idea that the effect of atmospheric electricity, namely, the ionization of the air, might be the cause of these differences. This idea seems to be confirmed by the fact that when coleoptiles are placed in zinc or tin containers they show a considerably greater "sensitivity" and the fluctuations in the intensity of the curvatures during the day are far less than in cases where the experiments are carried out in the ordinary way. On the assumption that the cause of the observed changes in sensitivity of the coleoptiles is the passing over the plant of an electric current of very low intensity, K6GL carried out the following experiments. A very weak electric current of approximately 0.0008 milliampere was passed through decapitated coleoptiles of oats, to one side of which there was attached a small cube of agar-agar containing auxin. One of the electrodes-a moistened silk thread-was attached to the agar cube, while the other electrode was connected with the basal portion of the coleoptile. The results of this experiment showed that when the agar cube was connected with the negative pole, the coleoptiles reacted to the same quantity of growth hormone by more vigorous bending than when the cube was connected with the positive pole. The ratio between the intensities of the cuvatures was 12 1. KoGL explained these results by WENT'S scheme, assuming that in case of the first contact "the transport of the physiologically active auxin anions to the base of the coleoptile is accelerated," while in the other case it is retarded.
In 1934 KOCH (7), of GUTTENBERG'S laboratory, published a paper, in which a whole chapter is devoted to the problem of translocation of the growth hormone in coleoptiles of oats and also in the hypocotyls and roots of sunflower and some other plants placed in the electric field, when an electric current passed through these organs. The starting point of the first group of experiments of this author were the investigations of BRAUNER and BUNNING (2) , which showed that the coleoptiles of oats bend toward the negative pole when placed in an electric field of high intensity, between two metallic plates attached to the poles of a battery. On the other hand, the root of the broad bean (Vicia faba) under the same conditions bends in the opposite direction. The authors explain this phenomenon as being due to the deviation of the growth hormone flow in the direction of that part of the organ, which became positively charged due to induction. HARTMANN (6) repeated these experiments, but obtained different results. On the basis of this work the author came to the conclusion that the influence of the electric field upon the growth of the plant is a more complicated phenomenon and that it cannot be explained by the translocation of the growth hormone to the positively charged side of the organ.
KoCH attempted to clear up this contradiction, but unfortunately he carried out his experiments in such a way that they cannot be compared with the BRAUNER-BUNNING and the HARTMANN experiments. Instead of placing the plant between the electrodes in atmospheric air, as previous authors did, he immersed them in water into which there were also immersed the electrodes in the form of platinum plates attached to the poles of a flashlight battery, which gave a current of 0.2 ampere at a tension of 4.4 Finally the work of RAMSHORN, of RUHLAND'S laboratory, has to be mentioned. In his electrophysiological investigations this author applied more perfect methods than KOCH and used electrodes which did not polarize. By determining the difference in the electric potentials between various points of the root, stalk, and leaves of young seedlings of the sunflower, oats, bean, and other plants with the aid of a quadrant electrometer, he showed that the curves of the electric potential distribution are very much like the curves of the rate of growth of various zones of these organs. The zones which show a more rapid growth are always electropositive as compared to those which grow slower. Changes in the difference of growth, which are connected with nutations, cause corresponding changes in potentials. Alterations in the difference of potentials may also be created by the introduction of the growth hormone in certain places of the organ. In this case again the zones which grow faster will become electropositive.
RAMSHORN studied also the effect of an outside electromotive force upon the growth of the hypocotyl of the sunflower and found that when the growing zone is connected with the positive pole an acceleration of growth of short duration may be observed. On the other hand, when it is connected with the negative pole, then growth is retarded. Without going into details of other results of RAMSHORN'S work, we will only mention his experiments on sections of the stalk of Impatiens balsamina, on which WENT carried out his studies. These experiments showed that the apical part of the stem is electropositive with respect to the basal one. On the basis of these results RAMSHORN came to the conclusion that the unequal diffusion of acid and basic dyes, which WENT observed on this object, cannot be explained by differences in electric potentials.
The brief review of the latest work in the electrophysiology of growth, which has been presented, shows that the conclusions of various workers in this field differ greatly even on purely experimental questions. As was shown in the review, the methods applied by some of the authors mentioned were not always free from criticism from the physical and physiological points of view. However, such preliminary work is necessary. In view of these considerations we believe it useful to publish briefly the main results of our electrophysiological studies, which were planned and partially carried out before the papers of KOCH and of RAMSHORN appeared, and with which our work has some common points.
The starting point of our investigations were K6GL's experiments mentioned above. If an electrical current of 10-6 to 10-7 amperes really accelerates or retards, depending on the direction of the current, the translocation of the growth hormone in the decapitated coleoptile, it may be assumed that the same phenomenon should also take place in the undecapitated coleoptile which is obtaining the growth substance from its own top, namely, that the rate of growth would change under the influence of the growth hormone depending upon the direction of the electromotive force which is applied to it. If the WENT-K6GL scheme is correct, then the current, which is passing from the base to the apex of the coleoptile, should cause a certain acceleration in growth while the current, which is directed to the opposite side, should retard growth. The main object of our experiments was to verify this conclusion.
Methods First we will describe the method used. In all our investigations we applied only such electrodes as do not polarize and which were described previously by one of the writers (5). As will be seen from figure 1, such an electrode is made of two communicating glass tubes, A and B. The wider tube, A (about 7 mm. in diameter and 60 mm. long), is filled with a saturated solution of ZnSO4, while the narrow one, B (2 mm. in diameter), is filled with tap water. A kaolin stopper, a, which is previously soaked in water, and 2 layers of cotton, b, separate the water in the capillary tube, B, Figure 2 shows how the two electrodes are fastened to the stand, which is made of a paraffined cork and glass rods (5). This figure also shows how the electrodes are connected with the coleoptile, which was at a certain time before the experiment cut off from the mesocotyl and freed from the primordial leaf (4). The coleoptile is placed by its lower end into a cut of the cork plate, a, which is in turn attached by a nickel pin to a paraffin layer in a cylindrical glass container, c.
As was mentioned above, both electrodes were connected with the coleoptile through silk threads. One of these threads had on the end a loop of about 0.5 mm. in diameter. This loop was set before the beginning of the experiment on the top of the coleoptile ( fig. 2) . The other electrode, also through silk thread, was connected with the water, which was on the paraffin layer in the container, c, and into which the coleoptile was immersed by its lower end. It must also be mentioned that the electrodes were always arranged in such a way that the open ends of the capillaries, B, which are filled with water, were on the same horizontal plane with the point of attachment of the silk threads to the object ( fig. 2 ). Thus we avoided the formation of a siphon and the running over of the water from the tubes of the electrodes to the object, or in the opposite direction over the threads.
The stand with the electrodes and with the plant was covered by a glass bell jar throughout the experiment. A well-moistened sponge was kept under the bell jar. The experiments were carried out in a dark room, the temperature of which changed but little. The temperature fluctuations during the course of our experiments usually did not exceed 0.1 to 0.20 C. Growth was measured by an horizontal microscope with an ocular micrometer, each division of which was equal to 50 p. The measurements and all the other manipulations were made by the light of a red photographic lamp. The source of the electric current was an accumulator of 4 volts connected with a rheostat of 120 ohms. The rheostat had a moving, contact pointer, which enabled the introduction into the plant of a current of the desired strength through the side connection. The current strength was measured by a galvanometer the sensitivity of which was 0.14 -10-6 amperes. The direction of the current could be reversed by a reversible key. All this arrangement is schematically represented in figure 3 .
The main object of our investigation was the isolated coleoptiles of oats (Avena sativa var. Siegeshafer Sval6f), which was from 20 to 30 mm. in length. We worked also with the coleoptile of whole uninjured oats seedlings. Several experiments were carried out with rye (Secale cereale). The first 10 experiments (tables I to X), which were selected as typical from a great number of other similar ones, show that when a current of the order of 10-7 to 10-6 amperes is passing from the base to the apex through an isolated coleoptile of oats, a noticeable acceleration of growth is observed. This acceleration continues for quite a long time at relatively low temperatures (about 160 C.). At higher temperatures (about 20 to 220 C.), how- These eight experiments (tables XI-XVIII) are sufficient to show that a current of the same strength as in the first 10 experiments but passing in the opposite direction-from the top to the base-does not cause any increase in growth, but gives in most eases the opposite effect, namely, a retardation of growth of the coleoptile. This retardation, as is shown by two of the experiments (tables XVII, XVIII), lasts even after the current is switched off.
The coleoptiles of oats, even in their isolated state, are distinguished by an uneven and changeable growth rate, which makes the effect of external factors upon the growth less distinct. Consequently the writers considered it desirable to verify the results of the oats experiments by using another cereal which has a more uniform growth. As an example there are given here two experiments with rye (Secale cereale var. Petkus).
These experiments (tables XIX, XX) show that in this case the effect of the electric current upon growth of the coleoptile is the same as in the experiment with the oats. The current which passes from the base to the apex of the coleoptile causes a definite acceleration of growth of short duration. The current which passes in the opposite direction retards growth to a marked degree, and this retardation lasts for a long time even after the current is switched off.
UNINJURED SEEDLINGS In addition to the experiments with the isolated coleoptiles described above, another series of experiments was carried on with uninjured seedlings of oats, the roots of which were immerged in the water, while the lower part of the coleoptile was fastened in the cut of the cork plate, which covered the water container. The silk thread of the lower electrode was connected with the basal part of the coleoptile above the cork cover in some of the experiments (tables XXI-XXIV), while in other experiments (tables XXV-XXVII) it was immersed directly in the water so that the current passed not only through the coleoptile but also through the mesocotyl and the root system. In all other respects these experiments did not differ from the ones described above. A comparison of the data of the results of these experiments with the results of the previous ones shows that the same general regularity exists in both cases: a current of the order of 10-7 to 10-6 amperes caused an acceleration of growth of short duration when it passed from the base to the apex of the plant. When a current of the same strength passed in the opposite direction it either did not effect growth at all, or it caused a slight retardation of growth.
Conclusions
What are the general conclusions that may be drawn from these experiments ? Do they confirm the assumption that the translocation of the growth hormone in the coleoptile depends on electric forces and that this substance, an acid, moves through the cells of this organ primarily by means of "cataphoresis" as WENT (12) and KOGL (8) consider it to spread? A superficial observation of the results of our experiments makes one think that they fit easily into this hypothesis. We see that a current passing from the base of the coleoptile to its apex really caused a definite acceleration of growth, and on the contrary the current passing in the opposite direction caused a decrease. But a further analysis of the same data shows that the phenomena observed by us are of a more complicated nature.
As to the acceleration of growth under the influence of the current which passed in the upward direction, it is to be noticed first of all that this acceleration lasts only for a very short time and takes place shortly after the current is switched on. Soon thereafter the growth rate decreases to the normal level and sometimes there is even a retardation in growth. Only in a few cases, where the initial growth of the coleoptile for some reason (e.g., low temperature) was very slow, as in some of the experiments (tables VI-VIII), the electric current seems to have stimulated growth of this organ, increasing the rate of growth to the normal level.
The data relating to the effect of current which passed from the top of the coleoptile to its base seem to agree more closely with the WENT-K6GL'S ideas. The more lasting retardation of growth, which was observed in this case, may be explained by the immediate influence of the current upon movement of the growth hormone. But with this consideration in mind it is hard to understand the phenomenon of "aftereffect" of the current, namely, the decrease in rate of growth after the current is switched off, as seen in the results of the experiments given in tables XVII and XVIII and especially in table XIX. On the basis of the WENT-KOGL hypothesis one would expect that after the elimination of the cause, which was retarding the normal movement of the growth hormone, its translocation in the growing zone of the coleoptile should at once increase, and this should cause a marked acceleration in growth.
Summing up our results we must say that although our experimental data do not prove the incorrectness of the view that the growth hormone has a tendency to diffuse in the plant from the negative pole to the positive one, it is difficult to coordinate them with the ideas of WENT and K6GL. By analyzing the general features of the phenomena, which we have observed, we have a greater reason to suppose that the electric current influences the movement of the growth hormone not directly as an electrolyte, but through the complex system of the living protoplasm, upon the changeable properties of which depend both the translocation and the production of the growth substance. Our data seem to point to the complexity of the problem and suggest the need for further investigations.
